We determined whether higher levels of physical activity in daily life are associated with better brachial artery flow-mediated dilation (FMD) among individuals with lower extremity peripheral arterial disease (PAD). Participants were 111 men and women with PAD (ankle-brachial index (ABI) ≤ 0.95) who completed baseline testing in the Study to Improve Leg Circulation (SILC). We evaluated FMD of the brachial artery at baseline and at 60 seconds following 4 minutes of suprasystolic blood pressure cuff inflation. Physical activity was measured continuously over 7 days using a vertical accelerometer (Caltrac) and a pedometer (Digiwalker). Adjusting for age, sex, race, ABI, cardiovascular risk factors and other potential confounders, higher levels of physical activity were associated with a greater percent change in brachial artery FMD at 60 seconds post cuff deflation for both Caltrac (1st tertile of activity +4.81% change; 2nd tertile +4.60% change; 3rd tertile +7.23% change; p-trend = 0.018) and the Digiwalker (1st tertile of activity +3.76% change; 2nd tertile +6.25% change; 3rd tertile +7.25% change; p-trend = 0.001). Similar findings were observed for absolute change in brachial artery FMD 60 seconds after cuff deflation. In conclusion, higher levels of physical activity during daily life are associated significantly and independently with better brachial artery FMD among individuals with PAD, even after adjusting for confounders. ClinicalTrials.gov Identifier: NCT00106327.
Introduction
Lower extremity peripheral arterial disease (PAD) affects eight million men and women in the USA. In the primary care setting alone, an estimated 18-23% of patients aged 55 years or older have PAD. 1, 2 Non-Hispanic blacks and older individuals are disproportionately affected by PAD, which is associated with traditional cardiovascular risk factors such as tobacco use, diabetes, hypertension and hypercholesterolemia. 3 PAD is expected to be increasingly common as the US population survives longer with chronic disease.
Compared to individuals without PAD, those with PAD have higher rates of cardiovascular morbidity and mortality even after adjusting for known cardiovascular disease risk factors. A systematic review of 11 population-based cohort studies showed that an ankle-brachial index (ABI) (< 0.90) is significantly associated with an increased risk of all-cause mortality, coronary heart disease mortality, and death from stroke, even after adjustment for age, sex, traditional cardiovascular risk factors and underlying cardiovascular disease. 4 A previous study demonstrates that endothelial function is impaired in individuals with PAD compared to individuals without PAD. 5 Endothelial reactivity is a measure of the ability of a vessel to vasodilate in response to a stimulus that promotes nitric oxide formation, such as shear stress. In addition, among individuals with PAD, poorer endothelial function is associated with higher rates of cardiovascular morbidity and mortality. 6, 7 Prior study in individuals without PAD demonstrates that lower physical activity levels are associated with greater impairment in endothelial function. 8 However, it is unknown whether lower physical activity levels are associated with greater impairment in endothelial function among those with PAD. Associations of physical activity with endothelial function may differ between individuals with versus without PAD because those with PAD have both lower physical activity levels and poorer endothelial reactivity than individuals without PAD. 5, 9 This study explored associations of physical activity levels during daily life with brachial artery flow-mediated dilation (FMD) in individuals with PAD. We hypothesized that higher levels of physical activity would be associated with better FMD in individuals with PAD.
Methods

Study overview
The study protocol was approved by the institutional review boards of Northwestern University, Catholic Health Partners Hospital, Evanston Northwestern Hospital, Rush Medical Center, University of Illinois-Chicago, the Jesse Brown Veterans Medical Center in Chicago, and Mt Sinai Hospital in Chicago. Participants gave written informed consent. The funding source for this study played no role in the design, conduct, or reporting of the study, or the decision to submit the manuscript.
Participants were enrolled in a randomized controlled clinical trial, the Study to Improve Leg Circulation (SILC), designed to determine whether a supervised resistance training program and a supervised walking exercise program, respectively, improved functional performance in individuals with PAD with and without classical symptoms of intermittent claudication. Participants were randomized to one of three conditions (resistance training, treadmill training, or nutrition control). Data on brachial artery FMD were collected at baseline and used for the present analyses.
Participant identification
Participants were identified using multiple methods including lists of consecutive patients diagnosed with PAD at Chicago area hospitals, newspaper advertisements, radio advertisements, bulk mailings to older men and women in the Chicago area, posted fliers, and additional community outreach.
Inclusion and exclusion criteria
In individuals without PAD, arterial pressures increase with greater distance from the heart, because of increasing impedance with increasing arterial taper, 1 resulting in higher systolic pressures at the ankle compared to the brachial arteries. Thus, individuals without atherosclerosis typically have an ABI > 1.00. Therefore, the inclusion criterion for this study was an ankle-brachial index (ABI) ≤ 0.95, consistent with PAD. Exclusion criteria and the number of participants meeting each criterion are summarized in Table 1 . Exclusion criteria were selected because they were likely to prevent the individual from fully participating in the exercise interventions; they interfered with our ability to collect complete data; they potentially prevented the participant from improving their functional performance in response to the intervention; they could potentially alter functional performance independently of the exercise intervention; or because they indicated that initiating a new exercise program may not be safe for the participant. Participants whose walking performance was primarily limited by a reason other than ischemic leg symptoms were excluded.
Brachial artery flow-mediated dilation
Brachial artery flow-mediated dilation was measured by registered diagnostic cardiac sonographers trained in the use of ultrasound to evaluate FMD of the brachial artery. All studies were performed in the morning. Participants fasted for 12 hours, held all medications, and were advised not to exercise or smoke during the morning of the measurement. After participants had rested for 10 minutes in the supine position, the proximal brachial artery was located using a linear array vascular ultrasound transducer (Seimens Sequoia Model #256, frequency 8 MHz, range 5-8 MHz). Baseline B-mode and Doppler images were obtained. A blood pressure cuff on the upper arm proximal to the visualized brachial artery was inflated for 4 minutes at 50 mmHg above the systolic blood pressure. A single longitudinal image of the brachial artery and a Doppler blood flow measure were repeated at 60 and 90 seconds after cuff deflation. 11 Digital images were sent to the University of Wisconsin Atherosclerosis Imaging Research Program core lab for measurement and interpretation by a single reader, blinded to treatment and study phase. Measurements were made by tracing a still frame of a 1-cm segment of the brachial artery at the R-wave, using an off-line digital analysis tool (Access Point 2004; Freeland Systems, Westfield, IN, USA). Both sonographers completed a twoday training course at the core ultrasound laboratory using standards set by the American Society of Echocardiography. 12 Measurement reproducibility in the core lab was excellent, with a median (inter-quartile range) average flow-mediated dilation difference of 0.02% (-0.03 to 0.04) on blinded repeated readings.
Ankle-brachial index measurement
A hand-held Doppler probe (Nicolet Vascular Pocket Dop II; Nicolet Biomedical Inc, Golden, CO, USA) was used to obtain systolic pressures in the right and left brachial, dorsalis pedis, and posterior tibial arteries. 13, 14 Each pressure was measured twice: in the order listed and in reverse order. The ABI was calculated by dividing the mean of the dorsalis pedis and posterior tibial pressures in each leg by the mean of the four brachial pressures. 13 Zero values for the dorsalis pedis and posterior tibial arteries were excluded from the ABI calculation. Average brachial pressures in the arm with the highest pressure were used when one brachial pressure was higher than the opposite brachial pressure in both measurement sets and the two brachial pressures differed by 10 mmHg or more in at least one measurement set, since in such cases subclavian stenosis was possible. 15 The lowest leg ABI was used in the analyses.
Objective physical activity measures
Physical activity levels were measured objectively over 7 days using a vertical accelerometer (Caltrac; Muscle Dynamics Fitness Network, Inc., Torrence, CA, USA). [16] [17] [18] Caltrac accelerometers are designed to calculate the number of kilocalories expended based on activity (vertical movement), age, weight, height, and sex. To compare activity with the Caltrac vertical accelerometer between participants irrespective of individual variation in age, weight, height, and sex, accelerometers were programmed using identical weight, height, age, and sex for each participant. [16] [17] [18] Thus, the accelerometers measured 'activity units'. [16] [17] [18] Simultaneously with the Caltrac accelerometers, participants wore Digiwalker step counters continuously for 7 days. 19, 20 After wearing the Caltrac vertical accelerometer and the step counter continuously for 7 days, participants reported the number of activity units on the vertical accelerometer and the number of steps displayed on the step counter and mailed their monitors back to investigators.
Comorbidities
Comorbidities were assessed using patient report with questionnaires administered by trained, certified data collectors. For each comorbidity, participants were asked, 'Has your doctor ever told you that you have …'. Comorbidities assessed were angina, diabetes, history of myocardial infarction, pulmonary disease, hypertension and congestive heart failure. Table 1 Reasons for exclusion among participants completing a baseline appointment in the study to improve leg circulation
Category of exclusion criterion Exclusion criteria
Criteria selected because they may interfere with the participant's ability to participate fully in the study interventions (n = 107) Dementia (n = 6) Above-or below-knee amputation (n = 1) Critical limb ischemia or foot ulcers (n = 6) Nursing home residence or extreme frailty (n = 8) Inability to walk on a treadmill (n = 5) Inability to speak English (n = 1) Unable/unwilling to come to the medical center three times weekly (n = 57) Failure to complete six run-in exercise sessions in 3 weeks (n = 23) Criteria selected because they may influence study outcomes independently of study participation (n = 14)
Major surgery or a myocardial infarction during the previous 3 months (n = 2) Major surgery planned during the next year (n = 12) Current participation in other clinical trials (n = 0) Criterion selected because it limited a potential participant's ability to respond to the intervention (n = 14)
Participant is already exercising at a level comparable to that offered by either exercise arm of the trial (n = 14)
Criteria selected because they indicate that study participation may be unsafe (n = 38)
Unstable angina (n = 6) Abnormal baseline stress test (n = 32) Miscellaneous exclusion criterion (n = 156)
Walking limited by a condition other than leg ischemia (n = 24); baseline SPPB = 12 (n = 123); poorly controlled blood pressure (n = 9) SPPB, short physical performance battery. Other measures Height and weight were measured and body mass index (BMI) was calculated as weight (kg)/square of height (m 2 ). Cigarette smoking history was determined by patient report.
Statistical analyses
Associations of tertiles of vertical accelerometermeasured physical activity with participant characteristics (age, sex, race, ABI, BMI and history of angina, congestive heart failure, pulmonary disease, hypertension, diabetes and smoking) were evaluated using analyses of variance and the chi-squared test for trends. Associations of physical activity tertiles with brachial artery flow-mediated vasodilation were evaluated using analyses of co-variance and chi-squared tests for trends, adjusting for age, sex, and race. These analyses were repeated with additional adjustment for ABI, BMI, diabetes, hypertension and smoking history. The p-value for statistical significance was p < 0.05 for each analysis.
Results
Of 156 participants in SILC, 150 had Caltrac vertical accelerometer or step counter data. Of these, 111 underwent brachial artery FMD measured at baseline and were included in the present analyses. Among these 111 SILC participants with both brachial artery FMD and physical activity data, the average age was 70.6 years ± 9.7, 53.2% were men, and 38.7% were African-American. The average ABI was 0.63 ± 0.17. Male sex was the only significant difference (p = 0.03) among participants with (53.2%) versus without (33.3%) brachial artery FMD among the 150 participants who completed the 7-day physical activity measurement by Caltrac vertical accelerometer and the step counter (Table 2) . Table 3 summarizes baseline characteristics of individuals across tertiles of physical activity measured by the Caltrac vertical accelerometer and the step counter. For the Caltrac vertical accelerometer, higher physical activity levels were associated with younger age (p-trend = 0.004), a higher ABI (p-trend = 0.005) and a lower prevalence of diabetes mellitus (p-trend = 0.024). For the step counter, higher steps walked were associated with younger age (p-trend = 0.015), lower BMI (p-trend = 0.001) and a lower prevalence of diabetes mellitus (p-trend = 0.026). Table 4 summarizes the characteristics of individuals across resting brachial artery diameter size and percent change in the brachial arterial diameter 60 seconds after cuff occlusion and release. A larger baseline brachial artery diameter was associated with higher prevalences of male sex (p-trend < 0.001) and hypertension (p-trend = 0.029), and with a higher BMI (p-trend = 0.009). Greater percent increases in the brachial artery diameter at 60 seconds post cuff deflation were associated with lower prevalences of prior myocardial infarction (p-trend = 0.007), hypertension (p-trend = 0.025) and diabetes mellitus (p-trend = 0.003). There were no significant associations of ABI with brachial artery flow-mediated brachial dilation.
Physical activity and brachial artery flow-mediated dilation
Absolute changes in flow-mediated brachial artery dilation at 60 seconds after cuff deflation across tertiles of physical activity as measured by the Caltrac vertical accelerometer and the step counter are presented in Figure 1 . Adjusting for age, sex and race, higher levels of physical activity as measured by the Caltrac vertical accelerometer were associated Percent changes in flow-mediated brachial artery dilation at 60 seconds after cuff deflation across tertiles of physical activity are presented in Figure 2 . Adjusting for age, sex, and race, higher physical activity levels are associated with a greater percent change in brachial artery diameter at 60 seconds post deflation for both the Caltrac vertical accelerometer (1st tertile of activity +4.67% change, 2nd tertile of activity +4.41% change, 3rd tertile of activity +8.05% change, p-trend = 0.001) and the step counter (1st tertile of activity +3.51% change, 2nd tertile of activity +6.06% change, 3rd tertile of activity +7.71% change, p-trend < 0.001) (Figure 2 , Model I). Even after additional adjustment for Step Caltrac Figure 1 Adjusted absolute changes in brachial arterial flow-mediated dilation according to physical activity level in individuals with peripheral arterial disease (n = 111). Model I: adjusts for age, sex, and race. Model II: adjusts for age, sex, race, ankle-brachial index, body mass index, diabetes mellitus, hypertension, cigarette smoking. BMI, ABI, hypertension, diabetes, and smoking history, higher levels of physical activity remained significantly associated with a greater percent change in brachial artery diameter at 60 seconds for both measures of physical activity (Figure 2 , Model II). Results in Figures 1 and 2 were not substantially changed when analyses were repeated among the subset of participants without diabetes mellitus (data not shown). Similarly, results in Figures 1  and 2 were not substantially changed when analyses were repeated among participants with an ABI < 0.90 (data not shown).
Tertiles of physical activity levels
Discussion
Results reported here show that higher levels of physical activity during daily life are associated with greater brachial artery FMD among individuals with PAD. This relationship remained statistically significant after adjusting for age, sex, race, BMI, ABI, hypertension, diabetes mellitus and smoking history. Results were not substantially changed when analyses were repeated among PAD participants without diabetes mellitus. To our knowledge, this is the first study to assess the associations of physical activity with brachial artery FMD in individuals with PAD.
A previous study by Harris et al. established that endothelial function is impaired in individuals with PAD compared to those without PAD. 5 Harris et al. evaluated endothelial function in 26 healthy controls compared to 25 individuals with a history of intermittent claudication, peripheral bypass surgery or lower extremity amputation. Participants were divided into three categories: individuals without PAD (mean age 30.7 years), older individuals without PAD (mean age 70.4 years) and older individuals with PAD (mean age 64.3 years). Sixty percent of the PAD participants but none of the participants without PAD had diabetes. Results showed a significantly higher baseline brachial artery diameter and attenuated responses to ischemia and hyperemia among the PAD individuals compared to the healthy controls. However, this study did not adjust for potential confounders including age, race, sex, diabetes, or other differences in baseline characteristics between the participants with versus without PAD.
Previous studies demonstrated a beneficial effect of exercise training on endothelial function in individuals with hypertension, congestive heart failure, coronary artery disease and polymetabolic syndrome. [21] [22] [23] [24] To our knowledge, only one study assessed whether supervised exercise activity improved brachial artery FMD in individuals with PAD. 25 In an uncontrolled clinical trial involving 19 participants with PAD and intermittent claudication, Brendle et al. showed that 6 months of supervised exercise training improved treadmill time to onset of claudication pain, treadmill time to maximal claudication pain, and brachial artery FMD. 25 In the current observational, cross-sectional study, we demonstrated that higher levels of physical activity during daily life are associated with greater brachial artery FMD in individuals with PAD. Physical activity during daily life is typically less intensive than supervised treadmill exercise training. Despite this, we observed significant associations of higher levels of physical activity during daily life with greater brachial artery FMD. Further study is indicated to determine whether an intervention that increases daily physical activity levels in individuals with PAD improves brachial arterial FMD. If interventions that increase physical activity result in better brachial arterial FMD, increasing physical activity during daily life may be more easily adopted than a supervised exercise program three times weekly. Currently, most individuals with PAD do not participate in supervised walking exercise programs, in part because these programs are not covered by health insurance plans in the United States. 26, 27 Two prior studies demonstrate that better brachial artery FMD is associated with higher eventfree survival rates in PAD individuals undergoing vascular surgery. 6, 7 In a prospective study, Huang et al. examined the predictive value of brachial arterial FMD for cardiovascular events in 267 PAD individuals undergoing vascular surgery. 6 Outcomes included cardiac death, myocardial infarction, unstable angina, congestive heart failure and non-hemorrhagic stroke. Across tertiles of endothelial function, individuals with higher hyperemic velocity and flow-mediated dilation had better event-free survival than those with poorer endothelial function. Similar findings were observed by Gokce et al., who prospectively followed 187 PAD individuals undergoing vascular surgery and demonstrated that impaired FMD was an independent predictor for postoperative cardiac events. 7 Of these two studies, only the study by Gokce et al. included administration of nitroglycerin, so that the endothelium-dependent brachial artery FMD response could be compared with the endotheliumindependent dilator response to nitroglycerin. Further study is needed to determine whether interventions that improve FMD are associated with lower cardiovascular morbidity and mortality rates among individuals with PAD.
This study has limitations. First, data are crosssectional. Results showing that higher levels of physical activity during daily life are associated with poorer brachial artery FMD cannot be construed as causal. Second, participants were those eligible for the exercise trial, SILC. Generalizability of the findings is limited to PAD individuals who meet SILC inclusion criteria. Third, not all participants in SILC completed an assessment of brachial arterial FMD. Fourth, because we did not measure change in brachial artery diameter after administration of nitroglycerin, we cannot determine the degree to which observed changes in brachial artery FMD were specific to endothelial function.
In conclusion, higher levels of physical activity are associated independently and significantly with better brachial artery FMD in response to reactive hyperemia in individuals with PAD. Further study should address whether interventions that increase levels of physical activity during daily life improve brachial artery FMD in individuals with PAD, and whether this improvement in brachial artery FMD correlates independently with lower cardiovascular morbidity and mortality rates in those with PAD.
